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Data-driven estimation of neutral pileup particle
multiplicity in high-luminosity hadron collider
environments
Federico Colecchia∗
Brunel University London, Kingston Lane, Uxbridge UB8 3PH, UNITED KINGDOM
The upcoming operation regimes of the Large Hadron Collider are going to place stronger require-
ments on the rejection of particles originating from pileup, i.e. from interactions between other protons.
For this reason, particle weighting techniques have recently been proposed in order to subtract pileup
at the level of individual particles. We describe a choice of weights that, unlike others that rely on
particle proximity, exploits the particle-level kinematic signatures of the high-energy scattering and of
the pileup interactions. We illustrate the use of the weights to estimate the number density of neutral
pileup particles inside individual events, and we elaborate on the complementarity between ours and
other methods. We conclude by suggesting the idea of combining different sets of weights with a view
to exploiting different features of the underlying processes for improved pileup subtraction at higher
luminosity.
1 Introduction
The contamination, or background, from low-
energy processes described by Quantum Chromo-
dynamics (QCD) is a major challenge at the Large
Hadron Collider (LHC), and the potential impact
on physics analysis is anticipated to become even
more significant in the upcoming operation regimes
of the accelerator. In fact, the average pileup rate,
i.e. the rate of low-energy interactions between
other protons, will increase with the instantaneous
luminosity of the collider, and this is anticipated
to place stronger requirements on the correction
techniques employed at the LHC experiments.
The presence of multiple vertices inside colli-
sion events due to pileup can significantly compli-
cate the extraction from the data of the physics
quantities of interest, and calls for the use of
dedicated subtraction techniques. Established
methods that are part of the core reconstruction
pipelines at the LHC experiments rely on the use of
tracking information for charged particles, as well
as on estimates of the pileup energy flow associated
with neutral1 particles [1], for which the task of as-
signing a vertex of origin is in general significantly
more difficult.
In the light of the upcoming operation regimes
of the LHC, algorithms of a different nature have
recently been proposed and are currently being
evaluated. Methods such as those presented in
[2, 3, 4] assign individual particles inside colli-
sion events weights that reflect the probability of
the particles originating from soft, i.e. low-energy,
QCD interactions as opposed to the signal hard
parton scattering. The use of the weights to rescale
the particle four-momentum vectors [2] has been
shown to result in improved performance in terms
of pileup subtraction when compared to traditional
methods. It is worth noting that the implications
of assigning weights to individual particles were
also explored from a different perspective in [5],
where a connection was established with the idea
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of multiple interpretations of the data, and where
the potential benefit to physics analysis was dis-
cussed.
2 Our approach
The contribution of this article is two-fold.
• A different choice of particle weights. We are
proposing a different definition of the parti-
cle weights, which makes use of information
about the underlying physics that, to our
knowledge, is not employed by other meth-
ods. As opposed to exploiting the existence
of collinear singularities in the physics that
underlies the showering process [2], our tech-
nique relies on the particle-level kinematic
signatures of the hard parton scattering and
of the soft QCD interactions. Our aim is
to estimate the variability in the shapes of
the distributions inside individual collision
events that is associated with statistical fluc-
tuations in the data.
• A different application of the weights. We
investigate a different use of the weights,
whereby the particle-level kinematic distri-
butions in the data are reshaped in order to
estimate the number of neutral pileup parti-
cles in different kinematic regions inside in-
dividual events.
We treat each event as a heterogeneous statis-
tical population of particles that have their origin
either in the signal hard parton scattering or in
background soft QCD interactions. Although it
is generally not possible to map individual parti-
cles to a single physics process in a hadron collider
environment due to colour connection, the use of
weights that reflect the likelihood of particles orig-
inating from either process provides a way of ad-
dressing this conceptual issue.
Figure 1 shows a schematic representation of
the procedure employed to calculate the weights.
The shapes of the particle-level probability den-
sity functions (PDFs) corresponding to the signal
high-energy parton scattering (in this article, Stan-
dard Model Higgs boson production via vector bo-
son fusion) and to soft QCD interactions are ob-
tained from control samples. Since the data sets
in question are high-statistics, the effect of statis-
tical fluctuations in the data is averaged out, and
the shapes of the distributions reflect the expecta-
tion from the underlying physics processes. On the
other hand, the overall fraction of neutral particles
associated with soft QCD interactions is estimated
event by event, which takes into account the vari-
ability of the neutral pileup particle fraction across
collisions. This information is then combined into
the particle weights, w0(η, pT ), which reflect the
expected fraction of neutral soft QCD particles in
each event as a function of particle η and pT .
We discuss the results of an initial study on
Monte Carlo data at the generator level, and show
that our weights can be used to estimate the num-
ber of neutral pileup particles across the kinematic
space inside individual events with reasonable ac-
curacy.
The technique described in this article is based
on a deterministic variant of a Markov Chain
Monte Carlo algorithm that we proposed for
particle-by-particle filtering of individual events at
the reconstruction level [6, 7]. Our main goal is
to contribute to improve on the subtraction of soft
QCD background in high-luminosity hadron col-
lider environments using algorithms that can be
implemented at the reconstruction level. Specifi-
cally, we are targetting a processing stage upstream
of jet reconstruction, i.e. before the particles are
clustered together according to their likelihood of
originating from the same scattered hard parton.
The advantages of this algorithm over the previ-
ous stochastic version are its parallel nature and
the simplicity of the calculations involved.
The results shown in this article complement
those discussed in [8] with reference to a differ-
ent signal process: as opposed to tt¯ production via
gluon fusion, the signal distributions reported in
the following relate to Standard Model Higgs bo-
son production via vector boson fusion, which does
not involve colour exchange between the colliding
protons.
3 The algorithm
This section describes the calculation of the par-
ticle weights, as well as the use of the weights to
2
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Figure 1: Schematic representation of the data processing involved in the calculation of the particle
weights, as described in the text. High-statistics control samples are used to estimate the shapes of the
particle-level PDFs for signal (Standard Model Higgs boson production via vector boson fusion (VBF) from
proton-proton interactions at
√
s = 14 TeV) and for background soft QCD interactions. The overall fraction
of neutral particles originating from background is calculated event by event as described in section 3.2.
This information is then combined into the particle weights, w0(η, pT ), which reflect the probability of in-
dividual neutral particles originating from soft QCD interactions as opposed to the hard parton scattering,
based on the (η, pT ) bin they belong to. The results reported in this article correspond to 50 pileup vertices
per event.
3
3.1 Control sample PDF templates 3 THE ALGORITHM
estimate the number of neutral pileup particles in
different regions of the particle (η, pT ) space inside
individual events. This study concentrates on the
region −5 < η < 5, 0 < pT < 1 GeV/c, which
contains most particles associated with soft QCD
interactions. The (η, pT ) space was subdivided into
bins of widths ∆η = 0.5 and ∆pT = 0.05 GeV/c.
3.1 Control sample PDF templates
High-statistics control samples were used to ob-
tain the shapes of the average particle-level (η, pT )
distributions corresponding to particles originating
from the signal hard parton scattering and from
background soft QCD interactions. Monte Carlo
data sets were generated using Pythia 8.176 [9, 10],
corresponding to the following:
• Signal: ∼300,000 final-state particles associ-
ated with Standard Model Higgs boson pro-
duction via vector boson fusion, i.e. qq′ →
qq′WW (ZZ) → qq′H , from pp collisions at√
s = 14 TeV.
• Background: ∼300,000 soft QCD particles
corresponding to 50 pileup vertices per event.
Such high-statistics distributions reflect the ex-
pectation from the corresponding physics processes
whereby the effect of statistical fluctuations in the
data is averaged out, and can therefore be used
to estimate the expected, or average, number of
neutral pileup particles in each (η, pT ) bin. On
the other hand, the corresponding unknown ac-
tual numbers generally deviate from the expected
values, and, given the typical particle multiplicity
inside LHC events, the discrepancy is often non-
negligible. The calculation of the statistical un-
certainty on the estimated number of neutral soft
QCD particles in each (η, pT ) bin is discussed in
section 3.4.
The high-statistics (η, pT ) distributions ob-
tained in this study for neutral final-state parti-
cles associated with the hard parton scattering and
with soft QCD interactions are shown as part of
the schematic representation of the workflow of the
analysis in figure 1. The plots were rotated around
the vertical axis in order to make the distributions
more clearly visible.
3.2 Event-by-event neutral particle
fractions
In addition to the shapes of the probability dis-
tributions described in section 3.1, the calculation
of the expected number of neutral soft QCD par-
ticles in each (η, pT ) bin, νb(η, pT ), also requires
an event-by-event estimate of the overall fraction
of neutral particles originating from soft QCD in-
teractions as opposed to the hard parton scatter-
ing, αˆ
(n)
0 . For the purpose of calculating the parti-
cle weights, assigning a value to αˆ
(n)
0 is essentially
equivalent to specifying the relative normalisation
of the signal and background distributions.
The quantity αˆ(n) was estimated in each event
based on the corresponding charged particle frac-
tion, αˆ
(c)
0 , according to this formula:
αˆ
(n)
0 = min(kαˆ
(c)
0 , αˆ
(c)
0 ), (1)
where the use of “min” ensures that αˆ
(n)
0 ∈
[0, 1].
The correction factor k takes into account the
difference between charged and neutral particle
kinematics, including the effect of charged parti-
cles with pT . 0.5 GeV/c not reaching the track-
ing detectors. The ratio between the fraction of
neutral soft QCD particles and the corresponding
charged fraction, calculated using Monte Carlo, is
shown in figure 2. The distribution was obtained
over the events analysed in this study, and the cor-
responding average value, 〈k〉 = 1.02, was used as
the value of k.
3.3 Particle weights
The above information was combined into the def-
inition of the particle weights as follows:
w0(η, pT ) =
αˆ
(n)
0 f0(η, pT )
αˆ
(n)
0 f0(η, pT ) + αˆ
(n)
1 f1(η, pT )
, (2)
where αˆ
(n)
1 ≡ 1 − αˆ(n)0 . Figure 3 (a) dis-
plays w0(η, pT ) in the region −5 < η < 5 and
0 < pT < 1 GeV/c, corresponding to one of the
events analysed.
This choice of weights reflects the probability
of individual particles originating from soft QCD
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Figure 2: Ratio between the
fraction of neutral particles as-
sociated with soft QCD in-
teractions and the correspond-
ing charged fraction, α
(n)
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0 ,
from Monte Carlo. The distri-
bution was obtained over the
events generated in this study.
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Figure 3: (a) Particle weights, w0(η, pT ), across the (η, pT ) space in the region investigated, −5 < η < 5,
0 < pT < 1 GeV/c. The plot, which corresponds to one of the events analysed, was rotated around the ver-
tical axis in order to make the distribution more clearly visible. (b) Relative uncertainty on the estimated
number of neutral pileup particles, σnˆb(η, pT )/nˆb(η, pT ).
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Figure 4: (a) True particle-level (η, pT ) distribution of neutral soft QCD particles corresponding to one of
the events analysed in this study. The effect of statistical fluctuations on the shape of the distribution is
apparent. (b) The corresponding (η, pT ) distribution estimated using this algorithm.
interactions as opposed to the hard parton scat-
tering, based on the shapes of the expected (η, pT )
PDFs as well as on the estimated overall fraction
of neutral soft QCD particles in each event. This
highlights the difference between our approach and
other weighting methods that rely on particle-to-
particle proximity measures and that exploit dif-
ferent properties of the underlying physics, e.g. the
existence of collinear singularities in the showering
process [2].
It should be noted that our decomposition
of the particle (η, pT ) space is relatively coarse-
grained, particularly along the η axis. This is one
of the reasons why we are not proposing that these
weights be used in isolation, but rather in con-
junction with those employed by other methods.
It is our opinion that combining different sets of
weights reflecting different properties of the un-
derlying physics processes, e.g. using multivariate
techniques, can result in improved rejection of neu-
tral pileup particles. For instance, some of the re-
sults shown in [2] seem to suggest over-subtraction
of soft QCD radiation, whereby particles originat-
ing from the hard parton scattering can be inter-
preted as pileup-related, and we expect the addi-
tion of a weighting algorithm not based on particle
proximity to result in improved background rejec-
tion as the average pileup rate increases.
3.4 Reshaping the particle-level kine-
matic distributions
In this section, we illustrate a different use of
the particle weights with reference to the quantity
w0(η, pT ) discussed in section 3.3. As opposed to
employing the weights to rescale the particle four-
momentum vectors [2, 3, 4], we use them to reshape
the particle-level (η, pT ) distribution in each event.
We show that this approach allows the estimation
of the number of neutral soft QCD particles in each
(η, pT ) bin with reasonable accuracy regardless of
whether or not signal particles are present.
Given an event and the definition of w0(η, pT ),
the expected number of neutral soft QCD particles
in each (η, pT ) bin is given by:
νb(η, pT ) = w0(η, pT )n(η, pT ), (3)
where n(η, pT ) is the corresponding number of
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Figure 5: (a-d) Ratio between the control sample and the true (η, pT ) distribution of neutral soft QCD par-
ticles, both normalised to unit volume. The ratios are shown as a function of particle η in different pT bins in
the region 0 < pT < 0.2 GeV/c. The error bars (not visible on this scale) correspond to one Poisson standard
deviation on the control sample bin contents. (a) 0 < pT < 0.05 GeV/c. (b) 0.05 GeV/c < pT < 0.1 GeV/c.
(c) 0.1 GeV/c < pT < 0.15 GeV/c. (d) 0.15 GeV/c < pT < 0.2 GeV/c. (e-h) Ratio between the estimated
(η, pT ) distribution of neutral soft QCD particles and the corresponding true distribution, both normalised
to unit volume. The ratio is displayed as a function of particle η in different pT bins, and the error bars
correspond to one binomial standard deviation on the bin contents in nˆb(η, pT ). (e) 0 < pT < 0.05 GeV/c.
(f) 0.05 GeV/c < pT < 0.1 GeV/c. (g) 0.1 GeV/c < pT < 0.15 GeV/c. (h) 0.15 GeV/c < pT < 0.2 GeV/c.
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neutral particles in the data. Given νb(η, pT ), the
unknown number of neutral soft QCD particles in
each (η, pT ) bin can be treated as a binomial ran-
dom variable with mean given by (3) and standard
deviation:
σnˆb(η, pT ) = {n(η, pT )w0(η, pT ) [1− w0(η, pT )]}
1
2 .
(4)
In conclusion, the number of neutral soft QCD
particles in each bin can be estimated in terms of:
nˆb(η, pT ) = w0(η, pT )n(η, pT )± σnˆb(η, pT ). (5)
The quantity σnˆb(η, pT )/nˆb(η, pT ) is shown in
figure 3 (b) corresponding to one of the events
analysed in this study. The performance of the
algorithm is illustrated in figure 4, which provides
a comparison between the true (a) and the esti-
mated (b) number of neutral pileup particles across
the (η, pT ) space in the same event. The accu-
racy of the estimated shape of the distribution of
neutral pileup particles in the event is further il-
lustrated in figure 5, where the ratio to the true
distribution of the control sample (a-d) and of the
estimated distribution (e-h) is displayed as a func-
tion of particle η in different pT bins in the region
0 < pT < 0.2 GeV/c. The error bars in (e-h) cor-
respond to one binomial standard deviation on the
bin contents in nˆb(η, pT ).
It should be noted that the idea of employing
the weights to reshape the (η, pT ) distribution in
the data can be used in conjunction with any def-
inition of the weights, and that, in particular, it
does not require all particles in the same (η, pT )
bin to have equal weights. In fact, if S(η, pT )
denotes the set of particles i in the event inside
a given (η, pT ) bin, the procedure outlined above
is equivalent to estimating nˆb(η, pT ) according to
nˆb(η, pT ) =
∑
i∈S(η,pT )
wi, where wi is the weight
assigned to particle i. The quantity
∑
i∈S(η,pT )
wi
in fact reduces to w0(η, pT )n(η, pT ) when all parti-
cles in the same (η, pT ) bin have the same weight,
wi = w0(η, pT ).
It is also worth noticing that the algorithm is
inherently parallel, since different bins can be pro-
cessed independently. We believe that the simplic-
ity and parallelisation potential of this technique
make it a suitable candidate for inclusion in future
particle-level event filtering procedures upsteam of
jet reconstruction at high-luminosity hadron col-
lider experiments.
4 Conclusions
With reference to the upcoming higher-luminosity
regimes of operation of the Large Hadron Collider,
it is our opinion that the combination of different
sets of particle weights encoding complementary
information about the underlying physics processes
has the potential to improve further on pileup sub-
traction, i.e. on the rejection of background par-
ticles originating from other proton-proton colli-
sions.
We have discussed a choice of weights that,
unlike that employed by other methods, is not
based on particle-to-particle proximity, but rather
on the particle-level kinematic signatures of the
signal hard parton scattering and of the low-energy
strong interactions. We have also shown that,
when the weights are used to reshape the particle-
level kinematic distributions inside individual col-
lision events, they lead to reasonable estimates of
the number density of background neutral particles
across the kinematic space.
As more particle weighting methods become
available, we envisage the possibility of developing
algorithms based on multivariate combinations of
different sets of weights with a view to exploiting
all the particle-level information available in the
data to reject neutral pileup particles. This study
is based on a deterministic variant of a Markov
Chain Monte Carlo algorithm that we previously
discussed in conjunction with the idea of filtering
individual collision events on a particle-by-particle
basis at the reconstruction level in high-luminosity
hadron collider environments. The main advan-
tages of this approach, as compared to the previous
stochastic version, are its parallelisation potential
and the simplicity of the calculations involved.
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